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Abstract In the context of global climate change,
understanding the relationships between climate and
groundwater is increasingly important. This study in
the NW Alps represents the first regional-scale
investigation of the groundwater feature variation in
mountain aquifers due to climate variability. The
analysis of groundwater temperature and discharge in
28 natural mineral water springs and meteorological
parameters (rainfall and air temperature) permitted us
to evaluate the annual behaviour and possible trends of
these parameters during the period from 2001 to 2018.
The air temperature showed a positive trend almost
everywhere, with a rise of up to 0.03 C/year. In
contrast, only ten springs showed a positive trend for
groundwater temperature, but with the smallest rates
of increase. Moreover, despite the substantial stability
of the rainfall amount, 50% of the analysed springs
showed a trend (29 and 21% for positive and negative
trends, respectively) with low discharge varia-
tions. Finally, cross-correlation analyses proved the
close relationship between air and groundwater tem-
peratures, with a time lag between 0 and 3 months, and
between spring discharge and air temperature, with a
time lag between 1 and 3 months. In particular, spring
discharge is closely connected to snow melting in
spring and subordinate to rainfall. These results
highlight the existing correlations between spring
discharge and various meteorological and topographic
parameters in the studied mountain area and provide a
preliminary framework of the impacts of climatic
variability on the availability and temperature of the
exploited water resources.
Keywords Natural mineral water spring  Mountain
aquifer resilience  Climate variability  Temperature 
Discharge  Trend
Introduction
Climate change includes not only an increase in global
temperatures but also changes in precipitation regime
and the intensification of extreme events (i.e. flood and
drought phenomena). It also has impacts on ecosys-
tems, humans, animals, plants, and surface and
groundwater environments. According to the Inter-
governmental Panel on Climate Change (IPCC), the
mean temperature is expected to increase globally
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throughout the twenty-first century, and the World
Meteorological Organization (WMO) reported that the
five-year period 2015–2019 is likely to be the warmest
five-year period on record globally (IPCC 2018;
WMO, 2019).
The Mediterranean region is currently experiencing
this climate change. Average temperatures have
already risen by 1.4 C since the pre-industrial era in
this area, indicating a warming 0.4 C higher than the
global average. It has consequences on various levels,
such as rising sea levels (6 mm in 20 years) and
increasingly extreme meteorological phenomena and
drought (Cramer et al. 2018). Moreover, a pronounced
decrease in precipitation, especially in the warm
season, was observed in the southern Mediterranean
areas and in the southern Alps (Brunetti et al. 2006a;
Giorgi et al. 2008). Brunetti et al. (2006b) highlighted
a strong positive trend of maximum temperatures in
the last 50 years and a low and rare significant
negative trend of precipitation (5% per century on a
yearly basis). A general increase in trends for short-
duration heavy rainfall in the Tuscany, Sicily, Lom-
bardy and Piedmont regions has also been found
(Arnone et al. 2013; Crisci et al. 2002; Saidi et al.
2015; Uboldi & Lussana, 2018).
Not only plains areas but also mountainous areas
suffer from this situation. A high positive trend in air
temperatures in alpine regions was observed, which
reached and exceeded 2 C in some cases (Jungo &
Beniston, 2001). For snowfall in northern Italy,
several studies show that the increase in temperatures
has led to a drastic reduction in snow cover in alpine
areas as well as on the surfaces of glaciers and
permafrost. These degradations have led to a halving
of the surfaces covered by glaciers in the last half
century, from 4500 km2 recorded in 1850 to 2270 km2
recorded in 2000 (Mercalli et al. 2008). Terzago et al.
(2013) showed how snowfall, over the period of
1951–2010, experienced a slight decrease of-0.2 cm/
year at low-altitude stations and up to-1.4 cm/year at
high altitudes. It was also observed that the spring
season in particular contributed to this negative trend.
Valt and Cianfarra (2014) detected decreasing trends
in snow cover duration and snowfall during the last
40 years, and they found a strong linear correlation
between snow duration and temperature during the
springtime (March–April).
Regarding the effects of climate change on ground-
water, many studies have shown that climate change
has important repercussions, in terms of both quality
and quantity (Doll and Florke 2005; Bloomfield et al.
2006; Green et al. 2011; Stuart et al. 2011; Tay-
lor et al., 2012; Lasagna, Ducci, et al., 2020; Grappein
et al. 2021). More specifically, groundwater recharge
depends on the distribution, amount and timing of
precipitation; evapotranspiration losses; losses from
watercourses; snow cover thickness; snow melt char-
acteristics; land cover and air temperature (Taylor
et al. 2012). Doll and Florke (2005) modelled recharge
by applying four climate change scenarios, and they
observed a large decrease (up to 70%) in some
currently semi-arid zones (including the Mediter-
ranean area) and an increase (locally higher than 30%)
in other large regions, including the Sahel, northern
China, the western United States and Siberia.
Many studies performed in different parts of the
world, such as the Indian subcontinent (Rodell et al.
2009; Tiwari et al. 2009), North Africa (Lutz et al.
2016) and different parts of the USA (Zwilling et al.
1989), show general groundwater depletion due to the
overlapping effects of climatic variability and anthro-
pogenic factors (such as overpumping).
In southern Italy, a decreasing trend in annual
rainfall, notable after 1980, has been observed, and
consequently, a widespread dramatic decrease in
groundwater availability has been observed due to
the overlapping effects of water demand and climate
change (Ducci & Polemio, 2018; Polemio & Casar-
ano, 2008).
In the Piedmont Plain (north-western Italy),
Lasagna et al. (2019), Lasagna, Mancini, et al.
(2020)) observed, in almost all the alluvial plains,
the dependence of the water table level on climate
variability, with a higher piezometric level due to the
highest rainfall occurrence in the 2009–2017 period.
Regarding the groundwater temperature, an
increase in water resource temperatures has been
observed due to rapid climate warming (Bloomfield
et al. 2013; Gunawardhana & Kazama, 2011).
However, while the effects of climate change or
variability on plain aquifers have been commonly
observed and recognized in the scientific literature,
there is still a lack of knowledge on the effects on
mountain aquifers and springs. The variation in
meteorological parameters has important conse-
quences for the hydrological cycle in mountainous
regions, where the water supply is dominated by
melting snow or ice (Baernett et al. 2005; Bavay et al.
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2009). As highlighted in some studies (Houben et al.
2014; Menberg et al. 2014), groundwater in plain
aquifers responds to climate change with relatively
long response times. In contrast, spring waters in
particular contexts (e.g. karst springs) respond faster to
climate change (Vigna & Banzato, 2015). Recent
studies in southern Italy highlighted a decrease in
some karst spring discharge since 1987, with reduc-
tions ranging from 15 to 30%, followed by an
attenuation of the negative trend and, in some cases,
a reversal of the trend (Fiorillo et al. 2015). Mastro-
cicco et al. (2019) showed that the Campania region
(South Italy) experienced an increase in spring water
temperatures of approximately 2.0 C during the
monitored period (2002–2017). The rainfall–runoff
model and statistical analysis applied to discharge data
of Italian Northern Apennines springs (Cervi et al.
2018) show no evidence of change in mean annual
discharge. However, the estimated reduction in effec-
tive rainfall from June to November will likely lead to
a significant decrease in future discharges over the
same period (up to 26.3%). Moreover, the low-flow
lengths are also affected, with more years in the future
presenting exceptionally long continuous low flows,
indicating a significant impact of climate change on
the spring regime.
In this paper, 28 natural mineral water springs
located in the alpine mountains in NW Italy are
analysed to provide a framework of the possible
impact of climatic variability (according the definition
of the IPCC, 2014) on the availability and features of
exploited water resources. More specifically, time
series of springs and meteorological parameters from
2001 to 2018 are studied to evaluate annual behaviour.
Moreover, trend and cross-correlation analyses are
used to evaluate whether climatic variability has had
any consequences on spring water temperature and
discharge. This study represents the first regional-
scale investigation in the NWAlps of the groundwater
feature variation in mountain aquifers due to climate
variability. Moreover, as natural mineral water has
wide public and large economic interests related to the
marketing of bottled water (Ciotoli & Guerra, 2016),
the investigation of possible trends in quality and
quantity could provide useful information for the
owners and stakeholders of bottled mineral water
brands as well as for the whole community.
Study area
In this study, 28 springs located in the mountainous
area of the Piedmont region are analysed (NW Italy).
The Piedmont is located at the head of the Po Valley,
and it is limited on three sides by mountains (the
Alpine chain). It extends for approximately 25,400
square kilometres and consists of mountains for
approximately 43% of its territory, hills for 30% and
plains for the remaining 27%. The analysed springs are
located between altitudes of 465 m above sea level
(a.s.l.) and 2150 m a.s.l. in the mountainous area
(Fig. 1).
The mountainous areas of the Piedmont region are
characterized by four hydrogeological complexes:
calcareous and dolomitic rocks (RCD), alpine and
apennine flyschoid rocks (RFAA), metamorphic, vol-
canic and plutonic rocks (RVMP) and Quaternary
superficial deposits (QSD) (De Luca et al. 2020; Piana
et al. 2017).
Calcareous and dolomitic rocks (RCD) (Triassic–
Paleogene) consist of limestone-dolomitic rocks and
strongly tectonized evaporitic–carbonatic rocks (car-
bonate breccias) of the Alpine and Apennine substrata.
This complex, which outcrops in the southern Pied-
mont, is characterized by marked water circulation
due to the development of superficial and deep karst
phenomena. In the most calcareous rocks, the preva-
lent permeability, due to fractures and karst, is high to
medium; in the dolomitic rocks, the permeability and
karst phenomena are smaller. The rocks often host
springs with high discharge, frequently higher than
100 L/s (average annual flow). The groundwater
quality is generally good, except in the presence of
evaporitic rocks.
Alpine and Apennine Flyschoid rocks (RFAA)
(Late Cretaceous–early Eocene) are alternations of
argillaceous schists with clays, sandstones, lime-
stones, argilloschists, slate schists and subordinate
limestones and conglomerates (Alpine flyschoid
rocks). Moreover, they are also represented by alter-
nations of carbonates, calcareous marls, arenaceous
layers, blackish clayey banks and grey-blackish
argillites (Apennine flyschoid rocks). In both cases,
the prevalent permeability is low or very low. The
groundwater circulation, which is generally limited
and of local importance, is related to the lithology and
the degree of fracturing. This complex only outcrops





Metamorphic, volcanic and plutonic rocks (RVMP)
(Paleozoic–Cenozoic) are the magmatic (plutonic and
volcanic) and metamorphic rocks of the Alpine and
Apennine substrata. They are gneisses, mica schists,
quartzites, green stones (serpentinites, amphibolites
and prasinites), granites, porphyries and their meta-
morphic derivatives. This complex is predominant in
the Piedmont region. Groundwater circulation is
absent or limited to surface fracture systems and
significant faults. The prevalent permeability varies
from low to very low. The degree of permeability can
be medium with the most fractured bands. Springs are
characterized by modest flow rates (a few L/s) and
good quality (natural mineral waters).
The quaternary superficial deposit complex (QSD)
consists of continental deposits (colluvial, gravita-
tional and periglacial) located in the mountainous and
hilly sectors of the Piedmont. They can be generically
considered ‘‘ubiquitous deposits’’ sensu Polino et al.
(2002) and Bini et al. (2004). These include glacial
deposits preserved along valley sides and terraced
alluvial sediments located along riverbeds. The preva-
lent permeability due to porosity varies from medium
to low, with local highs.
From a geological point of view, the analysed
springs are located in areas characterized by a
fractured crystalline substrate covered by quaternary
superficial deposits. Circulation generally occurs in
the cover and subordinately in the upper part of the
fractured substrate (Clemente et al. 2008; De Luca
et al. 2015, 2019).
The average annual precipitation in the Piedmont
region over the 1957–2009 period shows values higher
than 1600 mm/year in the northern mountainous part
of the region and quantities less than 720 mm/year in
the south-eastern plain sector (http://rsaonline.arpa.
piemonte.it/meteoclima50/clima_ed_indicatori.htm).
The annual rainfall distribution is characterized by two
maxima (spring and autumn) and two minima (winter
and summer) (Acquaotta & Fratianni, 2013; Biancotti
et al. 1998). The analysis of the annual precipitation in
the Piedmont region over the period of 2001–2015
shows some modifications compared to the previous
period of 1971–2000. More specifically, an increase
was observed in the Verbano area, in correspondence
with the area of Lake Maggiore, and a slight overall
decrease was detected in the rest of the region, which
was more significant in the Biella area and in the
southern zone between Cuneo and Alessandria
(https://www.arpa.piemonte.it/rischinaturali/
tematismi/clima/confronti-storici/analisi-lungo.html).
Moreover, an increase in intense events was detected
where the annual rainfall increased.
The average annual temperature over the period of
1958–2009 highlighted the following minimum and
maximum values, categorized by altimetric ranges:
8.2–16.9 C at altitudes less than 500 m; 5.2–12.6 C
in the range of 500–1500 m; 0.8–6.5 C in the range of
1500–2500 m; and -3.9–0.3 C at altitudes higher
than 2500 m (http://rsaonline.arpa.piemonte.it/
meteoclima50/clima_ed_indicatori.htm). The hottest
month of the year is July, while the coldest month is
January. The analysis of the annual average tempera-
ture in the Piedmont region over the period of 1958—
2015 shows a positive trend. In particular, in recent
years, the annual average temperature has always been
above that in the reference period (1971–2000), with
an estimated total increase of approximately 1 C in
50 years. An important trend was also identified in the
maximum temperature values, with an increase of
2 C in approximately 60 years. (http://rsaonline.arpa.
piemonte.it/meteoclima50/clima_ed_indicatori.htm).
A recent study in the Piedmont Plain (Lasagna,
Mancini, et al., 2020) analysed rainfall time series
over the period of 2002–2017 and highlighted the
presence of a change point in 2008, detected in 88% of
the rainfall time series, after which an increase in
precipitation was observed.
The studied snow in the mountainous areas showed
negative anomalies at all the analysed stations, with a
few isolated exceptions, for the snow height and
snowy days from 1980 to 2010 (ARPA, 2013).
The Piedmont mineral water springs
In this study, natural mineral water springs used for
bottled water in the Piedmont Region are analysed.
The consumption of bottled natural mineral water has
grown enormously in Italy, and Northwest Italy is
bFig. 1 Location of the analysed springs in the Piedmont Region
mountainous area and associated hydrogeological complexes.
The quaternary superficial deposit complex is not reported in the
map due to its large distribution. The grey colour indicates the
plain and hilly areas not analysed in the paper; the numbers and




currently the leader in its distribution and consumption
(30%) (Beverfood, 2012; Ciotoli & Guerra, 2016). At
a national level, the Piedmont region has the highest
number of mineral springs, followed by Lombardy,
Tuscany and Veneto. Moreover, the Piedmont is the
third region in terms of the mineral water sources
(number of springs plus wells) and for the presence of
brands for bottled mineral water (Fig. 2a). In detail,
Cuneo Province provides the largest quantity of
bottled mineral water in the Piedmont region
(Fig. 2b). Finally, in the Piedmont, exploitation of
mineral water is prevalent respect to thermal water
(Table 1). These data highlight the high value, both in
economic and environmental terms, of Piedmont
natural mineral water springs in the Italian panorama.
All 28 studied springs are gravity springs, and
groundwater naturally flows in a capture structure
without pumping. The capture structure accumulates
groundwater as it emerges at the head of the spring. A
typical spring capture structure is a collection cham-
ber consisting of a simple concrete box laterally tied
directly to the rock formation yielding groundwater.
The wall coupled with the aquifer is perforated to
allow inflow. The water enters the first chamber, called
the sediment box, where fine particles settle out of the
water. A weir and a temperature data logger are
generally located in the sediment box. Then, ground-
water overflows through the weir into a clear water
reservoir, where pipes deliver it into the distribution
network. Protective drainage ditches are generally
present to keep superficial drainage water a safe
distance from the spring. An example of a spring
capture structure is shown in Fig. 3.
Materials and methods
Database and elaborations
Discharge (Qgw) and water temperature (Tgw) data of
the springs were elaborated. Data are from the regional
monitoring network of mineral waters collected in a
dedicated database (Piedmont region mineral water
monitoring database). The monitored periods vary
between 8 and 18 years, depending on the spring
(Table 1). The database complies with the current
regional legislation (l.r. 25/1994) that establishes the
regulatory requirements for the mineral water conces-
sionaires to collect and communicate, every six
months, the following data, for both springs and
wells: i) daily flow rate, temperature and electrical
conductivity for each withdrawal point in the conces-
sion and ii) daily rainfall and air temperature. The
spring data are collected by automatic instruments
with continuous recording: a submersible level sensor,
with an accuracy of ± 1 mm, for Qgw and a resis-
tance temperature detector, with an accuracy of
0.1 C, for Tgw. Qgw and Tgw in the analysed springs
were measured six times per day. The daily data were
calculated as the average measurement for a 24 h
period. Then, Qgw and Tgw data were aggregated
monthly and yearly for the subsequent analyses. The
continuity (ICON) and completeness (ICOM) of the
data series (Qgw and Tgw) were evaluated using the
following equations:
Fig. 2 Percentage of mineral water sources (number of springs plus wells) divided by Italian region (a), and annual volume (m3/year)
supplied by the springs in the provinces of the Piedmont (b)
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ICON ¼ 1 2 number of missing data ranges
maximum number of data
 100
ð1Þ
ICOM ¼ number of valid data
maximum number of data
 100 ð2Þ
An analysis of the spring altitude and the surface
and maximum altitudes of the water catchment area
located at the highest elevation above the spring
(WCS) was also performed. Moreover, spring data
were evaluated to identify the minimum, average and
maximum daily Qgw and Tgw in the analysed period.
Correlation analyses between the average annual
Tgw and spring altitude and the average annual Tgw
and maximum altitude of the WCS were carried out
using biplots.
Finally, Qgw variability was analysed using the
Meinzer variability index R (Meinzer, 1923), accord-
ing to the equation:
R ¼ Qmax  Qmin
Qm
 100 ð3Þ
where Qmax, Qmin and Qm are the maximum,
minimum andmeanmonthly discharge in the analysed
period, respectively. Thus, a variable spring is one in
which the index number is 100% or more. A subvari-
able spring is one in which the index number is
between 25 and 100%, and a constant spring is one in
which the index number is not more than 25%
(Meinzer, 1923).
Rainfall and air temperature (Tair) were also
analysed. These data are from the online database of
Arpa Piemonte (Agenzia Regionale per la Protezione
Ambientale—Environmental Protection Agency of
Piedmont Region) (https://www.arpa.piemonte.it/
rischinaturali/accesso-ai-dati/annali_meteoidrologici/
Table 1 Distribution of
concessions and research
permits of mineral water
and thermal water in the
Piedmont
Mineral waters Thermo-mineral waters
Province Concessions Research permits Concessions Research permits
Alessandria 6 0 4 0
Asti 0 0 1 1
Biella 3 3 0 0
Cuneo 18 11 2 1
Novara 0 0 0 0
Turin 9 1 1 2
Verbania 7 0 3 2
Vercelli 1 0 0 0
Total 44 15 11 6
Fig. 3 a Original scheme of the Spring 15 capture structure. The numbers refer to the size in cm. b Picture of the spring capture




More specifically, the meteorological parameter data
were collected in correspondence with 11 weather
stations. The daily data were aggregated monthly and
annually. The minimum, maximum, and average
monthly Tair in the whole analysed time period were
computed.
The springs and meteorological parameters were
also analysed by plotting daily Qgw, Tgw, and rainfall
in a diagram for each spring to identify the annual
behaviour of these parameters.
Statistical analyses
Different statistical analyses were conducted to better
understand the Qgw and Tgw trends of the analysed
springs and the possible links with the climatic
variables (Tair and rainfall).
Trend analysis
Trend analysis of hydrological variables (Qgw and
Tgw of springs) and meteorological time series
(rainfall and Tair) was conducted using monthly
aggregated data (monthly cumulative rainfall, average
monthly Tair, Tgw, and Qgw) for the period of
2001–2018. The Mann–Kendall test (MKT) was
applied to verify the existence of a monotonic trend
(Hirsch et al. 1982). The MKT is a nonparametric test,
and no assumption of normality is required. It has been
widely applied to assess the significance of monotonic
trends in hydrological and climatological time series.
Moreover, the MKT is useful because its statistic is
based on (positive or negative) signs, and therefore,
the trends determined are less affected by outliers
(Birsan et al. 2005). In the MKT, the null hypothesis,
H0, indicates that there is no monotonic trend in the
series. The alternate hypothesis is that a trend exists.
This trend can be positive, negative, or nonnull. In this
study, the significance level of the statistical MKTwas
set at 0.05, and the calculated p value was compared to
this threshold. To evaluate the sign of the trend, the tau
index was used; consequently, in the presence of a
positive tau, the trend will be positive, and vice versa
in the case of a negative tau.
Cross-correlation analysis
In this study, cross-correlation analysis was applied to
i) Tair and Tgw and ii) Qgw and Tair. Cross-
correlation between rainfall and Qgw was not per-
formed because, locally, we did not have total
snowfall data.
Using the cross-correlation technique, two series
are compared to identify the position over time of the
observations in which there is a clear correspondence
between the series. This comparison provides two
parameters: the strength and the sign of the correlation
between the two series and the lag (or time shift or
translation), which corresponds to the position of
maximum equivalence between the series. It uses
value functions of the Pearson correlation coefficient
(r) for two time series shifted in relation to each other
by time unit Dt (Graf, 2019). Investigating cross-
correlations between hydro-meteorological signals
grants a deep understanding of the whole hydrological
system and management of water resources (Ruigar &
Golian, 2015). Many studies have applied cross-
correlation analyses to meteorological, climatical and
hydrological time series (Cheng et al. 2019; Sivaku-
mar, 2005; Vassoler & Zebende, 2012). Fiorillo and
Doglioni (2010) applied a cross-correlation analysis to
rainfall and spring discharge to detect the time
required for water to flow through karst aquifers in
southern Italy. The cross-correlation function and its
decay were used to assess the character, strength, and
direction of the relationship between the water and air
temperature time series (Graf, 2019).
Finally, the autocorrelation functions (ACFs) of
Tair and Tgw were also analysed to assess whether the
seasonal components found in the cross-correlations
were present. The ACF allows the identification of the
components that repeat systematically in specific time
intervals (seasonality). The ACF expresses the linear
link between each datum and those that precede it
Table 2.
Results
Springs and meteorological data
The analysed springs are located at different altitudes
in the alpine mountain area of the Piedmont region.
Most of the springs (54%) are located at an altitude
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between 1000 m a.s.l. and 1500 m a.s.l., 29% of the
springs are located at an altitude higher than 1500 m
a.s.l., and only 17% are situated at an altitude less than
1000 m a.s.l. (Table 3). The maximum altitude of the
WCS is 2850 m a.s.l., while the minimum altitude is
812 m a.s.l. The surface of theWCS is highly variable,
ranging from 0.34 to 11.58 km2.
All the springs show a high continuity of data series
(ICON[ 90%) and a high completeness of data series
(ICOM[ 90%).
In Table 4, the values of minimum, average and
maximum daily Qgw and Tgw of the springs are
reported. All the studied springs can be classified as
‘‘cold’’, according to the Mouren classification
(Schoeller, 1962). The Tgw is at a minimum in spring
and a maximum in autumn.
The 11 analysed weather stations are located at
altitudes ranging between 470 m a.s.l. and 1765 a.s.l.
(Table 5). Data from the weather stations show a very
high continuity (ICON[ 99%) and a completeness
(ICOM) equal to 100%.
The registered average monthly Tair ranges
between 5.58 C, in correspondence with the weather
stations located at the highest altitude (i.e. weather
station K), and 11.40 C at the lowest altitude (i.e.
weather station E). At these weather stations, the
highest maximum Tair (24.79 C at E) and the lowest
maximum Tair (17.54 C at K) were also registered
(Table 5).
Table 2 Period of monitoring for the 28 studied springs and indication of the monitored years
Spring Code Start of monitoring End of monitoring Monitored years
1 01/01/2001 01/12/2018 18
2 01/01/2001 01/12/2018 18
3 01/01/2002 01/12/2018 17
4 01/02/2002 01/12/2018 17
5 01/03/2001 01/12/2018 18
6 01/01/2008 01/12/2018 11
7 01/01/2008 01/12/2018 11
8 01/01/2008 01/12/2018 11
9 01/07/2005 01/12/2018 13
10 01/07/2005 01/12/2018 13
11 01/07/2010 01/12/2018 8
12 01/07/2010 01/12/2018 8
13 01/07/2002 01/12/2018 16
14 01/09/2004 01/12/2018 14
15 01/09/2004 01/12/2018 14
16 01/07/2004 01/12/2018 14
17 01/01/2005 01/12/2018 14
18 01/01/2001 01/12/2018 18
19 01/01/2001 01/12/2018 18
20 01/01/2002 01/12/2018 17
21 01/01/2002 01/12/2018 17
22 01/01/2002 01/12/2018 17
23 01/01/2002 01/12/2018 17
24 01/07/2002 01/12/2018 16
25 01/01/2002 01/12/2018 17
26 01/01/2002 01/12/2018 17
27 01/01/2002 01/12/2018 17
28 01/01/2002 01/12/2018 17
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The maximum Tair is in the summer (July and
August), and the lowest Tair is in the winter (Decem-
ber-January).
Regarding rainfall, the analysed weather stations
show a bimodal trend, with two maxima and two
minima. The maxima are in the spring (April–May)
and autumn (November), while the minima are in the
summer (July) and winter (January).
The biplot between the average annual Tgw and
spring altitude (Fig. 4a) shows a good correlation
(R2 = 0.78) between the parameters. More specifi-
cally, the Tgw of the spring decreases with the spring
altitude. The biplot between the average annual Tgw
in the spring and the maximum altitude of the WCS
shows a weaker correlation (R2 = 0.50). The Tgw is
generally higher with a WCS at low altitudes, and it
decreases with increasing altitude (Fig. 4b).
Annual distribution of meteorological and spring
parameters
The visualization of springs and meteorological
parameters in biplots (daily Qgw, Tgw, and rainfall
vs time) showing the distribution of parameters during
the year permitted us to observe very complex
behaviours of the springs. Two spring behaviours are
shown as examples in Fig. 5, 6 because they are
representative of many springs.
Table 3 Main features of the analysed springs and spring data series
Spring code Altitude m a.s.l WCS maximum altitude m a.s.l WCS surface km2 ICON % ICOM %
1 465 2850 11.58 94 96
2 551 2850 11.58 90 90
3 704 1000 1.78 96 97
4 946 1725 1.28 100 100
5 1460 2350 2.13 98 95
6 650 1000 2.67 100 97
7 650 1000 2.67 100 97
8 1010 2100 4.67 100 100
9 1300 1885 1.07 99 94
10 1100 2100 4.67 99 98
11 2150 2350 1.87 100 100
12 2030 2350 1.87 100 100
13 1500 2300 1.40 99 97
14 1370 2700 0.34 99 98
15 1560 2676 1.40 100 100
16 605 812 1.34 100 100
17 1076 1761 3.21 99 100
18 1405 1510 1.01 100 100
19 1318 1510 1.01 99 100
20 1480 2150 3.70 100 100
21 1530 2150 3.70 100 100
22 1540 2150 3.70 100 100
23 1450 2150 3.70 100 100
24 727 1739 3.60 100 100
25 1355 1780 1.93 100 100
26 1358 1780 1.93 100 100
27 1282 1780 1.93 100 100
28 1090 1880 2.34 99 97
123
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Many analysed springs show a rapid increase in
their Qgw in correspondence with the main rainfall
events (e.g. Fig. 5). These springs generally have
significant Qgw peaks in autumn (November) and
spring (May–June), in correspondence to the main
rainfall events of the year. Moreover, a Qgw peak in
spring (starting in March) is usually present and is due
to snow melting. The Tgw rises from spring through
October–November; then, Tgw decreases, and it has a
minimum at the end of winter. Aquifers associated
with these springs have a very high permeability but a
very small and limited saturated zone, which deter-
mines a rapid response to various outside inputs. In
correspondence with the main rainfall events, springs
respond quickly with an increase in their Qgw.
Other springs have their minimum Qgw in winter;
then, the Qgw gradually increases with the beginning
of springtime and reaches the maximum in the summer
(e.g. Fig. 6). This behaviour is associated with snow
melting in the recharge area. The Qgw generally has a
small increase in correspondence with the main
rainfall events. Sometimes the main Qgw peaks are
delayed by weeks compared to the rainfall, depending
on the features of the local hydrogeological context.
Tgw generally has the same behaviour described in
Fig. 5. These springs are associated with aquifers with















1 0.10 0.74 1.95 8.31 10.59 12.58
2 28.08 35.59 41.94 9.79 9.98 10.15
3 0.72 1.84 5.12 4.97 10.69 17.13
4 2.36 5.63 11.72 4.14 8.76 9.16
5 0.71 4.20 10.15 3.79 4.09 4.29
6 0.67 8.76 36.76 5.61 8.99 12.21
7 1.87 10.03 36.59 6.00 9.16 13.00
8 4.65 9.91 21.81 3.62 7.94 8.16
9 0.62 30.52 71.52 5.09 5.92 6.44
10 0.44 1.61 3.67 7.01 7.36 7.71
11 12.97 20.58 30.07 3.68 4.60 5.47
12 9.36 13.55 29.22 3.02 3.51 4.44
13 9.85 16.68 26.17 2.66 6.23 11.28
14 3.57 9.39 12.11 4.55 6.60 8.04
15 8.82 12.32 17.05 4.22 7.27 9.52
16 15.54 20.76 23.38 7.08 10.33 10.43
17 0.07 0.48 0.69 4.34 5.62 6.51
18 0.16 0.58 2.35 1.52 6.80 11.63
19 0.91 1.78 3.97 2.59 6.92 7.63
20 0.69 3.49 9.31 6.71 6.92 7.13
21 2.85 13.44 41.54 5.23 6.53 6.86
22 3.03 9.47 36.51 6.01 6.40 7.08
23 1.57 6.74 49.68 6.63 7.03 7.20
24 1.69 6.56 13.15 6.24 8.40 10.01
25 3.26 8.66 22.51 6.31 6.58 6.73
26 0.20 1.48 13.14 4.76 6.12 7.63
27 1.23 6.97 15.91 4.19 7.31 11.32
28 1.15 4.11 14.66 6.99 7.67 8.45
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a medium–good degree of permeability and a well-
developed saturated area that allows the storage of
groundwater.
Meinzer variability index
Most of the analysed springs (79%) are characterized
by a high variability of Qgw (R[ 100%). The
remaining springs (21%) are subvariable springs, with
a Meinzer variability index between 25 and 100%
(Table 6).
The Qgw vs Meinzer variability index diagram
shows that all the springs with low Qgw (less than 9
L/s) are variable springs (Fig. 7). Moreover, springs
with the highest Qgw are variable or subvariable
springs. None of the analysed springs can be classified
as constant springs.
Statistical analyses of trends
Tair trend
The average monthly Tair shows a positive trend
almost everywhere (Fig. 8a). Indeed, the trend was
observed in nine out of 11 weather stations, with the
increase in Tair ranging from ? 0.02 to ? 0.03 C/
year. In contrast, no statistical trend of average Tair
was observed at two weather stations (i.e. F and H),
located in the towns of Barge and Vinadio, respec-
tively (Cuneo Province) (Supplementary material 1).
At the same stations, no trend was observed for the
minimum and the maximum Tair. A positive trend for
all the analysed parameters (i.e. average, maximum
and minimum Tair) was calculated at only two
weather stations (E and K), located in Turin and












A Crodo 560 100 100 -0.15 11.16 23.87
B Varallo 470 100 100 -2.10 10.46 23.27
C Andrate Pinalba 1580 100 100 -4.05 6.79 19.05
D Ala di Stura 1006 99 100 -5.11 6.56 18.13
E Luserna San Giovanni 475 99 100 -1.23 11.40 24.79
F Barge 961 99 100 -1.59 10.26 23.57
G Paesana 1265 99 100 -2.81 9.11 21.74
H Vinadio-San Bernolfo 1695 99 100 -4.36 6.95 19.17
I Boves 575 100 100 -2.08 11.20 24.61
J Chiusa Pesio 935 100 100 -4.02 8.29 21.01
K Monte Berlino 1765 100 100 -6.32 5.58 17.54
Fig. 4 Correlation analyses between the average annual Tgw
and the spring altitude (a) and the average annual Tgw and the
maximum altitude of the WCS (b)
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Fig. 5 Distribution of daily Qgw, Tgw, and rainfall vs time in spring 20 (year 2011). In this spring, Qgw shows a rapid increase in
correspondence with the main rainfall events
Fig. 6 Distribution of daily Qgw, Tgw, and rainfall vs time in spring 15 (year 2011). In this spring, Qgw generally has a small increase
in correspondence with the main rainfall events
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Cuneo Provinces, respectively. At the other stations, a
positive trend was obtained for only one or two
parameters. The average annual Tair versus time was
also analysed using biplot and linear trend lines, and
an overall increase between 0.35 and 1.79 C was
calculated in the monitored period.
Spring Tgw trend
A positive trend in the average monthly Tgw was
observed in ten springs, with an increase in the average
Tgw ranging from ? 0.001 to ? 0.02 C/year (Sup-
plementary material 2). A negative trend was evalu-
ated for four springs, with a decrease ranging from
-0.002 C/year to -0.034 C/year. Furthermore, 14
springs do not show a statistically significant trend.
There is no particular spatial distribution of the
observed trends.
The analysis of trends for the minimum and
maximum Tgw trends also permitted us to notice a
concordance of results in most of the investigated
springs. More specifically, 13 springs show no trend
for the minimum, average and maximum Tgw trend
(i.e. springs 3, 6, 8, 11, 13, 14, 17, 18, 22, 24, 26, 27,
and 28). The other four springs display a positive trend
for the three evaluated parameters (i.e. springs 19, 20,
23, and 25). All of these springs are located in Cuneo
Province. Finally, only one spring (spring 15) has a
negative trend for all the analysed Tgw values.
Rainfall trend
The monthly cumulative rainfall shows no statistically
significant trend in almost all the analysed weather
stations (Fig. 8c). A trend, particularly a positive
trend, is present at only one weather station (i.e. B),
located in Varallo (Vercelli Province). The positive
gradient is ? 1.43 mm/year (Supplementary material
3).
Spring Qgw trends
The analysis of the trends for the average monthly
Qgw highlights that half of the observed springs have
no trend (i.e. springs 2, 8, 9, 11, 17, 18, 20, 21, 22, 23,
25, 26, 27, and 28) (Fig. 8d). However, despite the
substantial stability of the rainfall amount, highlighted
by the analysis of precipitation trends, a trend in the
Qgw was observed in 14 out of 28 springs. More
specifically, eight springs show a positive trend (i.e. 1,
4, 5, 12, 13, 16, 19, and 24), with a gradient ranging
between ? 0.003 l/s/year and 0.096 l/s/year. A
Table 6 Meinzer
variability indexes of the
analysed springs. Spring
numbers in accordance with
Fig. 1. Qm—mean monthly
discharge in the analysed
period; R %—Meinzer
variability index

































negative trend was recognized in six springs (i.e. 3, 6,
7, 10, 14, and 15), with a gradient between-0.016 l/s/
year and -0.24 l/s/year. It was not possible to identify a
specific geographic distribution of the observed
trends.
Cross-correlation analysis
Cross-correlation between Tair and Tgw
The cross-correlation analysis between Tair and Tgw
showed a medium–high positive correlation in the first
months in 24 springs (r ranges between 0.45 and 0.98)
and a low–very low correlation in four springs (r is
between 0.05 and 0.20) (Table 7). The time lags
generally vary between 0 and 3 months (only two
show the best positive correlation in months 4 and 5).
In Supplementary material 5, the coefficients of cross-
correlation in the 28 analysed springs are presented. In
Fig. 9, an example of a cross-correlogram between
Tair and Tgw, relating to spring 25, is reported. It
shows that the correlation coefficient r varies with
annual cyclicity. In addition, the correlogram high-
lights a half-yearly cyclicity in which the correlation
coefficient changes the sign: it assumes a maximum
absolute value comparable to the maximal positives
but with a negative sign.
Cross-correlation between spring Qgw and Tair
Cross-correlation analysis between time series of
monthly mean Qgw and Tair showed a positive best
correlation coefficient at lags ranging between 1 and
3 months in 25 springs; the best correlation was
observed at a lag of 0 months in two springs and at a
lag of 4 months in only one spring (Table 8). In
Supplementary material 5, the cross-correlation
between Qgw and Tair in the 28 analysed springs is
presented. An example of a cross-correlogram
between Qgw and Tair, relating to spring 25, is
reported in Fig. 10.
Fig. 8 Synoptic image of the elaborated trends for average monthly Tair (a), average monthly Tgw (b), monthly cumulative rainfall
































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































This study represents the first regional-scale investi-
gation in the Piedmont alpine reliefs (NW Alps) of
groundwater feature variation as a function of climate
variability. More specifically, the analysis of 28
springs permitted us to highlight the existing correla-
tions between spring discharge and some meteorolog-
ical and topographic quantities in this mountainous
area and to provide a preliminary framework of the
impacts of climatic variability on the availability
(discharge) and features (temperature) of the exploited
water resources.
Trend analyses of springs and meteorological
features helped us evaluate whether climatic variabil-
ity had some consequences for water temperature and
discharge in the studied period. The Tair shows a
positive trend almost everywhere in the analysed
period. In contrast, only ten springs show a positive
trend for Tgw. The other springs generally show no
trend (50% of the analysed springs) or a negative trend
(14%). It was observed that the altitude of the springs
has no influence on the typology of the trend (positive,
negative or no trend). Moreover, the analysis of the
Tair trend generally shows a higher positive gradient
of Tgw (an average of 0.025 C/year compared to that
of Tgw, which was 0.007 C/year). Because Tgw
fluctuations of these springs are free from anthro-
pogenic influences, the recorded variations can be
attributed almost exclusively to climate variability.
As expected, the Tgw of the springs has a strong
negative correlation with the spring altitude and the
maximum altitude of theWCS; indeed, Tgw decreases
with an increase in both of these parameters. These
results are mostly due to the decrease in the average
Tair with altitude. This is consistent with the fact that
the temperature of groundwater is generally equal to
the mean Tair above the land surface. However, some
springs are located at a high altitude (higher than
2000 m), and snowmelting at this altitude could affect
groundwater very much, lowering its temperature.
Consequently, the obtained correlation, quantified by
the determination coefficient R2, is certainly inferior to
the correlation in a hilly or plain area, located at low
altitudes without snow melting.
Annual rainfall shows no statistically significant
trend at almost all the analysed weather stations.
Despite the substantial stability of the rainfall amount,
only 50% of the analysed spring Qgw values do not
show a statistically significant trend. The other springs
show a positive (29% of the springs) or negative (21%
of the springs) trend of discharge values. The
decreasing Qgw may be due to the decrease in snow
in the last 20 years (ARPA, 2013). Moreover, the
decrease is larger than 15% of the average spring Qgw
in only three springs. The Qgw rise could be a signal of
more snow melting or the mobilization of water
trapped in the permanently frozen layer. Conse-
quently, it can indicate variation in the feeding of the
natural mineral water springs connected to an increase
in air temperature. Moreover, it was observed that the
rate of Qgw, the specific geographic distribution, the
altitude of the springs, and the surface of the WCS did
not have a clear influence on the typology of the trend
(positive, negative, or no trend).






















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Cross-correlation functions between time series
(Tair, Tgw, and Qgw) permit us to prove the close
relationship between the analysed parameters and to
define the time lags (response time) between the time
series. In particular, the correlation between Tair and
Tgw generally shows a medium–high positive corre-
lation in the first months, with a time lag between 0 and
3 months. This demonstrates a good relationship
between Tair and Tgw. In particular, the cross-
correlation coefficients are generally higher in the
Fig. 10 Example of the cross-correlogram of spring Qgw and Tair of spring 25. r = cross-correlation coefficient





springs with the lowest maximum altitude of theWCS.
This could indicate that Tgw is particularly influenced
by Tair at low altitudes, while at high altitudes, Tgw is
also affected by other factors, e.g. the temperature of
water coming from snow melting and infiltrating
towards the aquifer.
To better observe the yearly and interannual
behaviours of Tair and Tgw and their connections,
these parameters were plotted vs time. Tair generally
reaches the annual maximum in the months of July–
August and a minimum in the winter months. This
seasonality is detectable in all the thermometric
measurement stations of the study area. Tgw, on the
other hand, shows a similar cyclicity as Tair but
shifted by a few months, depending on the analysed
spring. Because this cyclicity is similar in many of the
analysed springs, Fig. 11 reports the time plot of Tair
and Tgw of spring 25 as an example of the distribution
of these factors. In this spring, Tgw reaches a
maximum in September–October, shifting by approx-
imately 2 months compared to Tair.
On the other hand, the positive high correlation
coefficient between Qgw and Tair in almost all the
springs, with a lag between 1 and 3 months, highlights
the strong relationship between these parameters.
Figure 12 permits us to better observe their link, using
spring 25 as an example. In particular, Tair is below
0 C from December to March/April, and subse-
quently Tair starts to increase steadily until it reaches
its maximum in July–August. The time plot of Qgw
displays two peaks: a main peak generally in spring
and a secondary peak generally in winter (Fig. 12a).
Moreover, Qgw shows rapid growth starting in March,
when the air temperature is generally above 0 C, and
it reaches its maximum in May. In this case, the rapid
increase in Qgw is due not only to rainfall (see
Fig. 12b) but probably also to snow melting in the
recharge area. The secondary Qgw peak, in contrast, is
clearly due to autumn rain, which assumes a very high
value in November (Fig. 12b). The importance of
snow melting is also supported by the altitude of the
spring (1355 m a.s.l.) and the maximum altitude of the
WCS (1780 m a.s.l.). Indeed, snow generally covers
the study area at these altitudes during the winter
(ARPA, 2013).
The understanding of the relationships between
climate and spring discharge and temperature is
increasingly important, especially in the context of
global climate change. This study provides a frame-
work of the possible impact of climatic variability on
the availability and features of springs, representing
the first step towards knowledge of the effects of
climate change on mountain aquifers. In fact, time
series are not long enough to analyse the performance
of the springs in light of climate change, which,
according to the IPCC (2014), consists of variations
persisting for a longer period of time, typically
decades or more.
Moreover, the study was applied to natural mineral
water springs used for bottled water. Due to the
increasing distribution and consumption of bottled
natural mineral water in Italy, it is essential to have a
framework for the current situation to comprise and
recognize future developments and trends of ground-
water quality and quantity.
Future insights will concern analyses of the longest
time series of springs to clarify the long-term effects of
global heating and groundwater recharge modification
that could also affect water resource quality.
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